Modulation of the strength of siphon and tail withdrawal reflexes in Aplysia involves, in part, changes in the sensory neurons that initiate these reflexes. Different observations and experiments on modulation in siphon and tail sensory neurons together contribute to the working model of mechanisms of learning and memory in Aplysia, yet no direct comparison of modulation in these two classes of sensory neurons has yet been made. The purpose of the present study was to directly compare modulation between siphon and tail sensory neurons in the same experimental conditions. In particular, we focused on the effects of serotonin on two firing properties of sensory neurons: spike duration and excitability. We appUed serotonin (5-HT) onto both siphon and tail sensory neurons under the same conditions and found that both spike duration and excitability were significantly enhanced. This enhancement was statistically indistinguishable between siphon and tail sensory neurons tested simultaneously in the same preparation. Thus, these two different classes of sensory neurons respond to 5-HT in very similar, if not identical, ways. We conclude that if there are differences in 5-HT induced modulation 1Present address: University of Colorado School of Medicine, Denver, Colorado 80262. between siphon and tail sensory neurons at the biophysical level, such differences are not strongly manifested at the level of changes in firing properties.
Introduction
The sea hare Aplysia californica is a useful model system for addressing questions of the neural basis of learning and memory (Kandel et al. 1987; Byrne et al. 1993) . Sensitization of defensive withdrawal reflexes, in which reflex amplitude is increased by a novel or noxious stimulus, has been particularly well studied. A uniquely rich neural model of sensitization has been characterized from decades of work on Aplysia. An important issue raised by this richness is to what extent the model's characteristics can be generalized to different behavioral systems.
Recently (Wright and Maynard 1994) , a comparative study of sensitization-related neural mechanisms within a single reflex circuit found substantial variation among species related to Aplysia. That study focused on neurons homologous to the tail sensory neurons of Aplysia. In particular, it tested for two changes in sensory neuron firing properties induced by the modulatory transmitter serotonin (5-hydroxytryptamine or 5-HT): spike broadening, in which the sensory neuron action potential is prolonged, and increased excitability, in which a given intracellular current pulse produces an increased number of action potentials. These two changes in sensory neuron firing properties are also induced by sensitizing stimuli and are thought to contribute to sensitization in Aplysia. Interestingly these two traits were not uniformly present in all species tested, leading to the conclusion that neuromodulatory traits in a specific reflex circuit can evolve as well as be lost in different evolutionary lineages. These observations raise the possibility that these same traits might similarly follow different evolutionary trajectories in different reflex circuits within a single species.
Two different reflex circuits in Aplysia have been studied extensively, the siphon/gill and the tail/mantle withdrawal reflexes (for review, see Carew 1987; Kandel et al. 1987; Byrne et al. 1993) . Although research on these reflexes indicates that their sensory neurons share a large number of characteristics, including qualitative similarities in spike broadening and excitability increases (Klein and Kandel 1978; Waiters et al. 1983b; Klein et al. 1986; Baxter and Byrne 1990) , no explicit comparison of these two classes of neurons has been made under identical conditions. Furthermore, attempts to compare results from different studies are hampered by the differences in experimental procedures. For example, past experiments on spike broadening in siphon sensory neurons (Klein and Kandel 1978; Castellucci et al. 1980; Hawkins 1981; Hochner et al. 1986a,b; Hawkins and Schacher 1989; Mackey et al. 1989) were performed in the presence of 50-100 mM tetra-ethyl-ammonium (TEA), which blocks a variety of K + channels, including the delayed rectifier. The action potential in such a TEA solution is typically quite long in duration (25-40 msec), and is repolarized predominantly by the serotonin-sensitive (S) K + current, which is not blocked appreciably by TEA. Because it is precisely this S-current that is closed by 5-HT, 5-HT-induced broadening of such "TEA spikes" is probably quite exaggerated. Later experiments on spike broadening generally used tail sensory neurons and were usually (although not always; see Pollock et al. 1985; Goldsmith and Abrams 1992; Jarrard et al. 1993) performed in artificial seawater without any K § blockers (Pollock et al. 1985; Hammer et al. 1989; Baxter and Byrne 1990; Critz et al. 1991; Hochner and Kandel 1992; Sugita et al. 1992 ). This made comparisons to the siphon sensory neuron work difficult. In no case were 5-HT-induced effects explicitly compared between these two classes of neurons. In spite of these ambiguities, different experiments using siphon and tail sensory neurons have been pooled to develop the present model of learning and memory. The purpose of the present study was to directly compare the effects of applied 5-HT on spike duration and excitability in the sensory neurons of two different (tail vs. siphon) withdrawal reflexes in identical physiological conditions.
Materials and Methods
Adult individuals of A. californica were obtained from California (Alacrity Marine). All animals were held in artificial seawater with a recirculating biofilter exchange system at 13-15~ All animals were used within 45 days of their arrival in Colorado. Animals were anesthetized by injection of a volume of isotonic MgCI 2 approximately equal to their body volume. They were then dissected and the abdominal, pleural, and pedal ganglia were removed (the pleural-pedal connective was left intact). The ganglia were pinned onto a Sylgardlined dish containing 50:50 isotonic MgCl2/artificial saline water (ASW: 460 mM NaCI; 55 mi MgCIz; 11 mi CaCI2; 10 mi KCI; 10 mi Trizma at pH 7.6). Both the abdominal and pleural ganglia were oriented ventral side up and pinned out side by side to allow simultaneous recording from siphon and tail sensory neurons. The sheath of each ganglion was surgically removed. The dish (working volume, 3 ml) was perfused with ASW ( 19~ -22~ at a rate of 8 ml/min for the remainder of the experiment. 5-HT (10 Ixi) in ASW was bath applied through the same perfusion system.
Tail and siphon mechanosensory neurons were identified by their location, size, and physiological characteristics (Byrne et al. 1974; Waiters et al. 1983a ). Pleural ventral (VC) tail-sensory neurons were identified according to the criteria of Waiters (Waiters et al. 1983a ). These sensory neurons innervate the posterior body wall (tail) of Aplysia as well as the anterior body wall. Although we did not test the receptive fields of these cells, most of our recordings were from cells in the posteromedial half of the cluster. These neurons innervate predominately the posterior body wall (Waiters et al. 1983a) . Left E-cluster (LE) siphonsensory neurons were identified in the abdominal ganglion according to Byrne et al. (1974) . Rostral LE neurons (Dubuc and Castellucci 1991)were not used in this study. Neurons were impaled with a single borosilicate glass microelectrode (8-15 M~) filled with a 3 M KCI solution. Voltage was amplified, and intracellular current injected with a Getting (model 5A) microelectrode amplifier, with a bridge balance to allow injection of current and simultaneous measurement of voltage. The signal was recorded via an oscilloscope (Tektronix
with data collection hardware and software (MacAdios, G.W. Instruments; Super-Scope), and a VCR-adapter recording system (Vetter, Inc.) for subsequent playback.
EXPERIMENTAL PROTOCOL
In each experiment, neurons were accepted if resting potentials were stable for >5 min and if spike height was >40 mV. All physiological tests were performed simultaneously in siphon and tail sensory neurons. Spike duration and excitability were tested by alternating two kinds of intracellular current injections separated by 30-sec intervals. This interval was long enough to avoid cumulative inactivation of voltage-dependent potassium channels in pleural sensory neurons (10 sec; see Baxter and Byrne 1989 ) and short enough to allow several measurements of spike duration and excitability during a 7-to 10-min 5-HT perfusion. Although voltage-dependent potassium currents, whose modulation by 5-HT contribute to spike broadening (Baxter and Byrne 1989) , may be inactivated when stimulated at intervals as long as 90 sec (Byrne 1980) , we observed no increase in spike duration in control conditions with the 30-sec interval used. To measure spike duration, single action potentials were induced with a short (1-4 msec) current injection. This short current pulse ensured that the peak and falling phases of the action potential were recorded in the absence of current input. Spike duration was measured from the time membrane voltage reached the peak of the action potential to the time the voltage returned to 33% of that peak on the falling phase of the action potential. To measure excitability, action potentials were induced with a 500 msec pulse of depolarizing current. The amount of current injected was adjusted at the beginning of the experiment to produce a single action potential. Excitability was measured as the number of action potentials produced by this current pulse. Thus, spike duration was measured simultaneously in siphon and tail sensory neurons with a short current pulse, followed 30 sec later by a long-duration current pulse in both neurons to measure excitability, followed 30 sec later by another short current pulse, and so on.
Measurements of spike duration and excitability were taken before and after application of 5-HT. At least four baseline measures of spike duration and excitability were recorded in ASW before applying 5-HT. The spike width and number of spikes of the fifth through eighth stimuli (i.e., 5-8 min) after application of 5-HT were divided by the average of the four stimuli just prior to 5-HT application to give a proportion increase due to 5-HT. ASW was again applied to the preparation 9-15 min after 5-HT application, and spike duration and number of spikes were measured on the fifth through eighth stimulus after return to control conditions. Because our purpose was to compare the effects of 5-HT on firing properties in physiological conditions, no attempt to maintain a constant resting potential was made.
In a separate group of experiments, input resistance was measured by injecting 0.05-0.2 nA of hyperpolarizing current at 60-sec intervals before and after application of 5-HT.
Resting potential was recorded from siphon and tail sensory neurons in some of the above experiments, as was the change in resting potential in response to 5-HT.
Within-preparation statistics were used for all tests. A repeated measures t-test was used to evaluate whether 5-HT caused any significant change (proportional increase >1.0) in action potential duration or excitability. For each of these two measures, a difference score of the proportion change in siphon versus tail sensory neurons was calculated for each experiment and tested against 0.0 with a t-test. All tests are two-tailed. We report means +-standard error of means.
Results
The responses of siphon and tail sensory neurons to applied 5-HT were for the most part statistically indistinguishable. Resting potential of siphon and tail sensory neurons were similar In = 8; siphon, -49.3 + -1.8 mV; tail, -52.8+-2.6 mY; t= 1.24; not significant (N.S.)]. Both siphon and tail sensory neurons were slightly depolarized by 5-HT (n -9; mean change in mY: siphon, 4.7-+ 1.0, t=4.5, P=0.O02; tail, 4.4+-1.5, t=3.0, P=0.08). No difference in depolarization was detected between siphon and tail sensory neurons (t=0.25, N.S.). Both siphon and tail sensory neurons showed 5-HT-induced increases in input resistance (n = 9; percent change: siphon sensory neurons, 30.2+-9.4, t=3.21, P=O.O13; tail sensory neurons, 13.3+-5.5, t= 2.44, P=0.04). Although the input resistance of siphon sensory neurons ap-
peared to be influenced more strongly by 5-HT than was that of tail sensory neurons, this apparent difference was not statistically significant (t = 1.63; NS; n-9) because of the moderately large variability (S.D. of difference score-31.0% ) in this effect. Serotonin produced similar changes in spike duration and excitability in siphon and tail sensory neurons. Figure 1 shows an experiment in which siphon and tail sensory neurons were recorded simultaneously. Before adding 5-HT (PRE, Fig. 1 , left) both cells showed the narrow (1-1.5 msec) action potential typical of mechanosensory neurons in Aplysia. After application of 10 ~M 5-HT, the action potential in both cells broadened --40% and returned to near control levels after washout of the 5-HT with ASW. The three panels of traces in Figure 1 (right; labeled PRE, 5HT, and WASH) show the powerful effect of 5-HT on excitability in these sensory neurons. Again, both classes of cells responded almost identically; before 5-HT, the 500-msec current pulse induced a PRE SENSORY NEURON Vm
PRE~ \
WASH "~ ~ single spike. Upon application of 5-HT, excitability was greatly enhanced, resulting in 9-11 spikes. This effect on excitability was readily reversed during washout with ASW solution. Figure 2 shows the results of 10 experiments in which siphon and tail sensory neurons were recorded simultaneously and indicates that 5-HT readily increases both spike duration and excitability in both classes of sensory neurons. Furthermore a within-preparation comparison between siphon and tail sensory neurons showed these effects to be statistically indistinguishable. The left histogram shows a significant percent change in spike duration attributable to applied 5-HT in both classes of sensory neurons. The action potential of siphon sensory neurons (mean duration before 5-HT-1.14-+0.05 msec) was broadened 31.6-+6.2% by 5-HT, whereas that of tail sensory neurons (mean duration before 5-HT-1.65-+0.21 msec) was broadened 21.6-+6.3%. This observed broadening was statistically indistinguishable (n=lO; t=1.53; N.S.) between sensory neuron classes. The right In response to a 500-msec pulse of depolarizing current (Ira), the same two sensory neurons shown at left produced 1 spike before, 9-11 spikes during, and 1 spike after application of 5-HT. 
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histogram shows a significant 5-HT-induced proportion increase in the number of spikes for both tail and siphon sensory neurons. The mean proportion increase in excitability of tail sensory neurons (12.5_+1.33)was not significantly different (n-10; t--0.93; N.S.) than that of siphon sensory neurons (10.9_+6.2). Figure 3 shows the time course of the onset of 5-HT-induced increases in spike broadening and excitability. Although some differences are apparent between siphon and tail sensory neurons at different times after application of 5-HT, none of these differences was statistically significant (t-test on difference scores). Likewise, the time course of increases in excitability was quite similar between siphon and tail sensory neurons (Fig. 3B) .
These effects on firing properties in siphon and tail sensory neurons were at least partially reversed during washout in ASW. Spike duration returned to near baseline for both siphon (pre-5-HT baseline, 108.3_+6.3%) and tail (108.6_+4.3%) sensory neurons. Excitability was reversed readily in siphon sensory neurons (proportion pre-5-HT baseline, 1.71_+0.42). However, excitability was reversed less readily in tail sensory neurons (proportion pre-5-HT baseline, 6.12_+1.2). Thus, tail sensory neurons were significantly more excitable during the washout than were siphon sensory neurons (n = 10, t= 3.3, P = 0.009).
Discussion
These experiments demonstrate that 5-HT-induced increases in spike duration and excitability are quite similar in siphon and tail sensory neurons when tested in identical experimental conditions. Thus, although these sensory neurons are anatomically separated and have different receptive fields, their modulation by 5-HT appears to be quite similar. This similarity does not deny the possibility that these cells exhibit differences in their bio- (0) and tail (F-I) sensory neurons. Although changes in excitability were induced more rapidly than were changes in spike duration (B), no significant within-preparation differences were observed between siphon and tail sensory neurons.
physical response to 5-HT (for review of 5-HTinduced biophysical changes, see Byrne 1993) but simply demonstrates that such differences are not strongly manifested in the neurons' firing properties. The only difference observed between these two classes of sensory neurons was in the reversibility of 5-HT effects on excitability. Siphon sensory neurons appear to return more rapidly to baseline excitability levels in control conditions than do tail sensory neurons. The significance of this observation is not presently clear. Thus, in Aplysia, it appears that 5-HT application produces indistinguishable sensory neuron firing property changes in at least two different reflexes. This result is similar to that of Dubuc and CasteUucci (1991) , who found that 5-HT-induced spike broadening and synaptic facilitation of different groups of sensory neurons within the siphon withdrawal system were, for the most part, similar. Is it possible that all sensory neurons in Aplysia respond to 5-HT in the same way? Previous work on sensory neurons involved in feeding behavior indicates that the answer is no (Rosen et al. 1989 ). In particular, spike duration in two classes of cerebral mechanosensory neurons was actually reduced by application of 5-HT (no tests of excitability were made). Thus, strong similarities, such as those observed between siphon and tail sensory neurons in this study, may be confined to mechanosensory neurons that initiate defensive withdrawal behaviors.
Recent comparative studies in species related to Aplysia demonstrated variation in 5-HT effects on spike duration and excitability in neurons that are evolutionarily homologous to Aplysia tail sensory neurons (Wright and Maynard 1994) . For example, the tail sensory neuron homologs of one aplysiid species, Dolabrtfera dolabrtfera, showed no 5-HT-induced increases in either spike duration or excitability. It will be of interest to identify siphon sensory homologs in this same species and apply 5-HT to these neurons. If 5-HT does not enhance spike duration or excitability in siphon sensory homologs, this might suggest that a common developmental process determines neuromodulatory phenotype in these anatomically separate sensory neurons.
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